ABSTRACT The larger black ßour beetles, Cynaeus angustus (LeConte) (Coleoptera: Tenebrionidae), feeds on saprophytic fungi found in gin trash piles and occasionally becomes a nuisance pest in adjacent homes and businesses. The potential of Steinernema carpocapsae ÔNY 001, Õ as a potential control agent of larger black ßour beetle under experimental conditions was examined with particular reference to the importance of soil moisture content. Without prospects of insecticides being labeled for control of larger black ßour beetle in gin trash, the data presented here support further research into applications of entomopathogenic nematodes underneath gin trash piles as a way to minimize risk of larger black ßour beetle populations causing nuisance to nearby homes and businesses.
The larger black ßour beetle (Cynaeus angustus LeConte (Coleoptera: Tenebrionidae)) has been known as a pest of raw and processed cereal products since the early 1900s (Barak et al. 1981 , Dunkel et al. 1982 , but it has also been observed in gin trash piles in the Southern High Plains of Texas since the late 1970s (Dunkel et al. 1982 , Nansen et al. 2008 . Cotton lint processing (ginning) involves removal of undesirable plant parts, such as bracts, stems, leaves, residual lint, and dead leaves, referred to as "gin trash." Northwestern Texas, and particularly the 23 counties around Lubbock, is the largest cotton producer in the United States (http://www.cotton.org/econ/cropinfo/cropdata/county-db.cfm). It is estimated that over 1.2 billion kilograms of gin trash is produced annually in Texas alone (McIntyre and Porter 2004) . Occasionally larger black ßour beetle populations migrate or disperse in large numbers from gin trash piles to nearby homes and businesses, where they can become a serious nuisance. There are no insecticides registered for use against larger black ßour beetle infestations in gin trash piles. Because of the costs associated with insecticide registration of and the relatively small size of the potential market, it seems unlikely that agrochemical companies will invest in developing chemical control of larger black ßour beetle in gin trash piles. Insect pests living in ultraviolet (UV) protected environments, including soils underneath gin trash piles, are of particular interest regarding use entomopathogenic nematodes to UV-light (Smits 1996) . Furthermore, there are several documented studies on use of entomopathogenic nematodes for control of other tenebrionid beetles, including the lesser mealworm (Alphitobius diaperinus (Panzer)) (Geden and Brooks 1985 Geden and Axtell 1988 , Alves et al. 2005 and Tribolium ßour beetles (Mbata and ShapiroÐIlan 2005; RamosÐRodriguez et al. 2007; Athanassiou et al. 2008 Athanassiou et al. , 2010 .
Here, we present results from experimental studies involving Steinernema carpocapsae (Weiser) (Rhabditida: Steinernematidae). These studies were conducted to obtain further insight to their performance as possible control agents of larger black ßour beetle life stages, and the role of soil moisture content was of particular interest.
Materials and Methods
Insects. Adults and larvae of larger black ßour beetle used in this study were obtained from a laboratory colony maintained at the Texas AgriLife Research Center, Lubbock, TX, since 2007 at 30ЊC and 35Ð 40% relative humidity (RH).
Nematodes. The culture of S. carpocapsae ÔNY 001Ј was originally isolated by Dr. Shields in Northern New York. Since 2010, the nematode culture has been reared at the Texas AgriLife Research and Extension Center according to Shields (2006, 2008) and Shields et al. 2009 ). In brief, nematode infected greater wax moth larvae (Galleria mellonella F. (Lepidoptera: Pyralidae)) were transferred to petri dishes with moistened plaster of Paris (www.amazon. com), and they were kept at ambient laboratory conditions for 12Ð14 d with occasional applications of distilled water to prevent drying of the larvae. Within 1Ð3 d after emergence, infective juvenile nematodes (IJs) were carefully rinsed off the plaster base using distilled water. Collected IJs were immediately counted under stereoscope (ϫ20), and serial dilution series were used to estimate IJ density in each culture.
Petri Dish Study. We conducted petri dish bioassays, in which the following factors were evaluated: 1) three moisture levels (5, 10, and 15% by weight), 2) two larger black ßour beetle densities (one or Þve individuals per petri dish), 3) two life stages (late instars and adults were tested separately), 4) three IJ densities (0, 250, or 1,000 IJs per petri dish), and 5) two artiÞcial food levels (presence or absence of an experimental food source). With these Þve factors, a total of 786 individual petri dish trials (7Ð16 replications for each of the treatment combinations) were conducted. The experimental food source consisted of a 1 cm piece of plastic drinking straw Þlled with a 50/50 mix of cornmeal and glycerine placed in the center of the petri dish. After inoculation, petri dishes were sealed with paraÞlm, held at ambient laboratory conditions (20 Ð22ЊC), and larger black ßour beetle status was reported after 48 h.
Mason Jar Study. Uniform batches of autoclaved and oven dried sandy loam soil (300 g added to each experimental unit) were prepared with four moisture contents (by weight): 0 (oven dried), 10, 15, and 20%, which represented moisture level measured under gin piles in the Lubbock area (B.S., unpublished data). A nematode treatment was included as presence or absence of the equivalent of one billion IJs of S. carpocapsae per acre (1,126 IJs per Mason jar). After inoculation with nematodes, the soil in each Mason jar was thoroughly stirred, using different stirring equipment for each treatment to prevent cross-contamination. Immediately after inoculation with nematodes, gin trash (50 g) collected from a nearby cotton gin was added to each Mason jar, and 25 unsexed larger black ßour beetle adults were released into each Mason jar. Each combination of soil moisture content and nematode treatment was replicated Þve times, for a total of 40 jars (four soil moisture treatments ϫ two nematode treatments ϫ Þve replicates). Only presence or absence of larger black ßour beetle larvae was recorded (based on observations of larvae on top of soil or in gin trash), and the soil in each Mason jar was not disturbed. After processing each Mason jar, gin trash, and larger black ßour beetle individuals were gently transferred back to the original jar, and this assessment was conducted every 2 wk for 154 d. At the end of the study, the nematode density was determined based on a method developed by Southey (1986) , in which a known volume of soil from each Mason jar was wrapped in two layers of standard facial tissue and submerged in standing water inside a standard 22.5 cm diameter aluminum pan (the soil remains inside the tissues, and within 48 h IJs migrate to the water and can be collected by pipetting a known volume of water). The actual density of IJs in each soil sample was determined based on serial dilution series of the water used to extract the IJs.
Statistical Analysis. All statistical analyses were conducted using PC-SAS 9.3 (SAS Institute, Cary, NC). Before analysis, all response variables used in parametric analyses were log (x ϩ 0.5) transformed and conÞrmed to follow a normal distribution based on the KolmogorovÐSmirnov test for normality (PROC UNIVARIATE). In the petri dish study, nonparametric analysis (PROC NPAR1WAY) was used to analyze effects of: soil moisture content, presence of a food pellet (yes ϭ 1; no ϭ 0), and S. carpocapsae treatment dosage on mortality of larger black ßour beetle larvae and adults. In the Mason jar study, repeated measures analysis (PROC MIXED) was used to examine treatment effects over time of moisture content and S. carpocapsae. Nematode recovery data from treated Mason jars after 154 d were examined with a Tukey analysis of variance (ANOVA) (PROC ANOVA) with soil moisture content as descriptive variable.
Results
Petri Dish Study. There were no signiÞcant effects of soil moisture or presence of food pellet (P Ͼ 0.050), and all combinations of larger black ßour beetle life stage and density responded signiÞcantly to densities of S. carpocapsae (P Ͻ 0.001; Fig. 1 ). With no significant effect of presence or absence of food pellet, the following analyses were based on data combined across food treatment. In nonparametric pairwise comparisons of larger black ßour beetle mortality in response to the three densities of S. carpocapsae, there was a signiÞcant increase in mortality of both life stages in response to S. carpocapsae density. When contrasting mortality for each of the two examined life stages, there was no signiÞcant difference in larger black ßour beetle mortality when one individual (larva or adult) was tested (df ϭ 1; 2 ϭ 2.77; P ϭ 0.096). However, larval mortality was Ϸ33% higher than adult mortality in trials with Þve individuals (df ϭ 1; 2 ϭ 26.54; P Ͻ 0.001).
Mason Jar Study. Mason jars without nematode treatments maintained a consistent presence of larger black ßour beetle larvae (Fig. 2a) , and average counts of larger black ßour beetle adults were generally highest in Mason jars without nematode treatments (Fig.  2b) . Post hoc contrasts of soil moisture main effects showed that all treatment level comparisons were signiÞcant, except between 10 and 15%, indicating that soil moisture had an adverse effect on larval survival. There were signiÞcant effects of nematode treatment and soil moisture in 82% of the sampling occasions. After 154 d, density of S. carpocapsae IJs in each Mason jar was assessed, and ( Fig. 3) : 1) no nematodes were recovered in about one-third of the nematode-treated Mason jars, 2) Þve of the samples showed recovery rates above 50% of the initial inoculation rate, and 3) there appeared to be a slight (nonsigniÞcant) dosageresponse to soil moisture content. Based on Tukey comparisons, there was a signiÞcant effect of soil moisture content on nematode recovery (F ϭ 4.75; df ϭ 3,36; P ϭ 0.007) with nematode recovery at soil moisture contents below 15% being signiÞcantly lower than those at 20% soil moisture content. With soil moisture of 20%, nematode recovery was Ϸ75% of the initial inoculation density.
Discussion
This study presents the Þrst results on the potential of entomopathogenic nematodes for control of larger black ßour beetle, which is an occasional nuisance pest associated with gin trash piles in the Southern High Plains. Initial screening of a candidate nematode species for virulence against target pests is commonly, and cost-effectively, conducted in petri dishes (e.g., Cabanillas and Elzen 2006, Poinar et al. 2006) . Based on separate analyses of late instar and adult larger black ßour beetle (and both tested at two densities), S. carpocapsae treatments signiÞcantly affected larger black ßour beetle mortality, and at a density of Þve Fig. 1 . Average mortality of larger black ßour beetle larvae and adults in response to S. carpocapsae density in studies with one (a) or Þve (b) beetle individuals per petri dish. Difference in letters (small letters ϭ larvae, capitalized letters ϭ adults) denote signiÞcant difference at the 0.05 level. Fig. 2 . Mason jar study with or without S. carpocapsae and soils at 10Ð20% soil moisture content (SMC). Presence or absence of larger black ßour beetle larvae (a) and counts of adults (b) were monitored every 2 wk for 154 d. For each observation, we subtracted average larger black ßour beetle count from trials with nematodes from those without. Thus, a positive number means that, for a given soil moisture content, more larger black ßour beetle individuals were found in untreated than in treated jars. individuals per petri dish, larvae were signiÞcantly more susceptible than conspeciÞc adults. In a Mason jar study over 154 d, S. carpocapsae had the highest impact on larger black ßour beetle larvae with soil moisture Ϸ15% by weight. The importance of soil moisture regarding efÞcacy of nematodes as biocontrol agents is corroborated by studies published elsewhere, as most nematode species appear to show optimum performance within a certain soil moisture range (Georgis and Gaugler 1991 , Kaya and Stock 1997 , Arthurs et al. 2004 , Navaneethan et al. 2010 , Toepher et al. 2010 . Extended persistence and nematode reproduction in hosts is important, because it reduces the need for frequent applications. The Mason jar study suggested that IJs could be recovered from infected soils after 154 d, especially in soils with 20% moisture content. We are currently analyzing data from experimental Þeld trials, in which S. carpocapsae and other entomopathogenic nematodes species were applied to soils underneath experimental gin trash piles at rates of 2.5 billion per hectare or 25 per square centimeter (Stokes 2012) . Monitoring of soil moisture and recovered S. carpocapsae densities were between 10 Ð15 IJs per square centimeter with 14 d after soil inoculation, but IJ densities above six per square centimeter were recovered up to 63 d after soil inoculation. Thus, the current laboratory studies are supported Þndings by Þeld data and support further research into use of entomopathogenic nematodes for suppression of larger black ßour beetle populations in gin trash piles.
